Anastomotic complications such as stenosis and leakage in the gastrointestinal (GI) tract can cause high patient morbidity and mortality. To identify the potential preconditions of these complications intraoperatively, we explored the use of two 700 nm nearinfrared (NIR) fluorophores administered intraluminally: (1) chlorella, an over-the-counter herbal supplement containing high concentrations of chlorophyll, and (2) methylene blue (MB). In parallel, we administered the 800 nm NIR fluorophore indocyanine green (ICG) intravenously to assess vascular function. Dual-channel, real-time intraoperative imaging and quantitation of the contrast to background ratio (CBR) were performed under normal conditions or after anastomosis or leakage of the stomach and intestines in 35 kg Yorkshire pigs using the Fluorescence-Assisted Resection and Exploration (FLARE) imaging system. Luminal integrity could be assessed with relatively high sensitivity with either chlorella or MB, although chlorella provided significantly higher CBR. ICG angiography provided assessment of blood perfusion of normal, ischemic, and anastomotic areas of the GI tract. Used simultaneously, 700 nm (chlorella or MB) and 800 nm (ICG) NIR fluorescence permitted independent assessment of luminal integrity and vascular perfusion of the GI tract intraoperatively and in real time. This technology has the potential to identify critical complications, such as anastomotic leakage, intraoperatively, when correction is still possible.
T HOUSANDS OF GASTROINTESTINAL (GI) SUR-GERIES are performed annually, and although complications such as leakage from anastomoses are relatively uncommon, they can result in high patient morbidity and mortality. Many intraoperative tests have been developed to prevent complications at anastomotic sites, including endoscopic evaluation, 1 pneumatic testing, 2,3 and methylene blue (MB) testing to identify anastomotic leakage. However, an ideal method for assessing anastomoses would provide sensitive and simultaneous assessment of both luminal integrity and vascular perfusion intraoperatively, when it is still possible to correct any abnormalities found.
Intraoperative real-time near-infrared (NIR) fluorescence imaging has been used in many areas of surgery, including cardiovascular surgery, 4 neurosurgery, 5 and biliary tract surgery, 6 but oral administration of a fluorescent contrast agent for the purpose of GI surgery has not yet been reported. Gremlich and colleagues used cyanine dye as a fluorescent agent to study gastric emptying in mice, 7 but this technique has neither been applied to surgery of the GI tract, nor demonstrated in large animals or humans. For clinical use, the availability of NIR fluorophores is limited. The only NIR fluorophores approved by the Food and Drug Administration (FDA) are MB and indocyanine green (ICG). Chen and colleagues demonstrated that chlorophyll shows NIR fluorescence around 700 nm wavelength 8 ; therefore, we used chlorella, which contains chlorophyll, as a test compound with the potential for rapid clinical translation because it is already approved for use as an oral supplement.
The enabling technology for our study is the Fluorescence-Assisted Resection and Exploration (FLARE, Frangioni laboratory, Beth Israel Deaconess Medical Center) optical imaging system, which provides simultaneous acquisition of color video and two independent channels of invisible NIR fluorescence, one centered at 700 nm and the other at 800 nm. We hypothesized that when used with the FLARE imaging system, either of two clinically available 700 nm NIR fluorescent oral agents, chlorella containing chlorophyll a and chlorophyll b or MB, could be used to assess luminal patency, whereas the clinically available 800 nm fluorescence agent ICG could be used to simultaneously assess vascular perfusion in the tissue under study.
Materials and Methods

Reagents
Stock solutions of chlorella (NOW Foods, Bloomingdale, IL) with an effective chlorophyll concentration of 4 mM, chlorophyll a (Sigma-Aldrich, St. Louis, MO), and chlorophyll b (Sigma-Aldrich) were prepared in dimethyl sulfoxide (DMSO). A 32 mM solution of MB was purchased from Taylor Pharmaceuticals (Decatur, IL). ICG (Akorn, Inc., Decatur, IL) was prepared using the manufacturer's diluent to create a 3.2 mM stock solution.
Animals
Animals were housed in an Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)certified facility and were studied under the supervision of an approved institutional protocol. Seventeen female Yorkshire pigs were purchased from E.M. Parsons and Sons (Hadley, MA) with an average body weight of < 35 kg. Animals were induced with 4.4 mg/kg intramuscular tiletamine (Telazol, Fort Dodge Labs, Fort Dodge, IA), intubated, and maintained with 2% isoflurane (Baxter Healthcare Corp., Deerfield, IL). Animals were fasted the morning of the experiment to prevent autofluorescence owing to residual food. Following anesthesia, a 14-gauge central venous catheter was inserted into the external jugular vein, and saline was administered as needed. Electrocardiogram, heart rate, pulse oximetry, and body temperature were monitored throughout surgery. After surgery, anesthetized pigs were euthanized by rapid injection of 86 mg/kg Fatal-Plus solution (Vortech Pharmaceuticals, Dearborn, MI).
Measurement of Optical Properties
Optical properties of 10 mM solutions of chlorella, chlorophyll a, and chlorophyll b were first measured in 100% DMSO and then in a ''formulation'' composed of 1% DMSO, 1% Cremophor EL (polyethoxylated castor oil; Sigma-Aldrich), and 98% distilled water. It should be noted that this formulation of chlorella is not approved by the FDA for human use. Measurement of optical properties of MB was performed in water. Optical properties of ICG in serum have been previously described. 9 For measurements of fluorescence quantum yield (QY), oxazine 725 in ethylene glycol (QY 5 19%) 10 was used as a calibration standard under conditions of matched absorbance at 655 nm. For in vitro optical property measurements, online fiberoptic HR2000 absorbance (200-1,100 nm) and USB2000FL fluorescence (350-1,000 nm) spectrometers (Ocean Optics, Dunedin, FL) were used. NIR excitation was provided by a 770 nm NIR laser diode light source (Electro Optical Components, Santa Rosa, CA) set to 8 mW and coupled through a 300 mm core diameter NA 0.22 fiber (Fiberguide Industries, Stirling, NJ). NIR fluorophore quenching was measured in a 0u geometry 11 using the FLARE imaging system.
NIR Fluorescence Imaging System
The dual-channel NIR FLARE imaging system has been described in detail previously. 12, 13 In this study, 670 nm excitation and 760 nm excitation fluence rates used were 4.0 and 11.0 mW/cm 2 , respectively, with white light (400 to 650 nm) at 40,000 l3. Color video and two independent channels (700 and 800 nm) of NIR fluorescence images were acquired simultaneously with custom software at rates up to 15 Hz over a 15 cm diameter field of view. In the color-NIR merged images, 700 nm NIR fluorescence (chlorella or MB) and 800 nm fluorescence (ICG) were pseudocolored red and green, respectively. The imaging system was positioned at a distance of 18 inches from the surgical field.
NIR Imaging of the GI Tract in Swine
For all experiments, a midline abdominal incision was performed and a nasogastric tube was inserted until palpable in the stomach. To assess luminal integrity, chlorella and MB were administered orally through the NG tube. Because the flow of chlorella or MB in the lumen mirrored peristalsis and was generally fast, we clamped the anal side of the leakage point and the anastomotic site using our fingers or clamp forceps for better observation. Four animals received 100 mL of 40 mM chlorella in formulation. An additional four animals received 100 mL of 32 mM MB. As indicated, a leakage point with a diameter of 3 mm was created on the jejunum using an electric scalpel. Quantitative assessment was performed using the contrast to background ratio (CBR) as defined below.
To assess the sensitivity to leakage of an anastomosis, a gastrojejunostomy (side-to-side anastomosis of the stomach and the jejunum) was performed in one animal. The anastomosis was created by hand using the Albert-Lembert technique with 4-0 silk suture, the first layer being an Albert suture and the second being a Lembert suture. Leakage was created using the same procedure as described above.
To assess the stricture of the anastomoses, four jejunojejunostomies (end-to-end anastomoses) were created in each pig (16 total anastomoses). All anastomoses were created by hand using the Albert-Lembert technique with 4-0 silk suture; a varying bite was used to adjust the luminal diameter and wall thickness of the site. After creating anastomoses, 100 mL of 40 mM chlorella in formulation was orally administered. To measure the correlation between wall thickness and CBR, each anastomosis site was resected and wall thickness was measured with a caliper.
As we have reported previously, the intravenously injected, 800 nm fluorophore ICG can be used for both qualitative 14 and quantitative 15 assessment of tissue perfusion in the context of surgical anatomy. ICG was administered intravenously after oral administration of chlorella to simultaneously assess tissue perfusion, luminal integrity, and surgical anatomy of GI anastomoses. For proof of principle, a jejunojejunostomy and an ischemic model were prepared in each pig (n 5 4 pigs). The jejunojejunostomy was created by hand (as described above). For the ischemic model, three to four arteries and veins were ligated with 3-0 silk suture. Via the nasogastric tube, 100 mL of 40 mM chlorella was administered. Then 10 mL of 80 mM ICG in saline was infused as a rapid bolus via the external jugular vein. Images were recorded at the time of injection and then every 10 seconds until 120 seconds postinjection using a camera exposure time of 150 ms.
Quantitation and Statistical Analysis
The background intensity (BI) and fluorescence intensity (FI) of a 1 cm diameter circular region of interest (ROI) over the GI tract were quantified using custom software. The performance metric for this study was the CBR, where exposed rectus muscles were used as background (CBR 5 [FI of ROI 2 BI]/BI). The results were presented as mean 6 SEM. One-way analysis of variance and a Tukey multiple comparisons test were used to assess the statistical differences between multiple groups. A p value less than .05 was considered significant.
Results
Optical Properties of Chlorella in Formulation and MB in Water
The chemical structures of the 700 nm fluorophores used in this study are shown in Figure 1A . Prior to in vivo experiments, the optical properties of chlorella, chlorophyll a and b, and MB were fully characterized. Chlorella has a maximum solubility of 3.8 mg/mL in DMSO but only 0.01 mg/mL in water. Chlorella also has very low solubility in other organic solvents, such as methanol, ethanol, acetone, dichloromethane, and chloroform (data not shown). Because DMSO is the optimal solvent for dissolving chlorella, a 4 mM (concentration of chlorophyll) stock solution was prepared in 100% DMSO. The optimal formulation was prepared by dissolving this stock solution 100-fold in water (1% final DMSO) and supplementing with 1% Cremophor EL.
Peak absorption of chlorella, chlorophyll a, and chlorophyll b, each in formulation, and MB in water was at 667 nm, 668 nm, 645 nm, and 665 nm, respectively; peak emission was at 671 nm, 677 nm, 662 nm, and 687 nm, respectively ( Figure 1B and Table 1 ). The extinction coefficient (56,500 M -1 cm -1 ) and QY (14.2%) of chlorella in formulation were close to those in DMSO, which were the same or higher than the values of chlorophyll a and b (see Table 1 ). In formulation, chlorella exhibited significantly less concentration-dependent quenching than MB ( Figure 1C ). At all concentrations tested, chlorella exhibited an absolute FI three fold higher than MB and was therefore preferred for in vivo experiments.
Assessment of Luminal Integrity of the GI Tract Using NIR Fluorescence
After infusion of either MB (not shown) or chlorella (Figure 2A) into the GI tract, the lumen became brightly fluorescent at 700 nm. Importantly, imaging was performed in real time; therefore, the surgeon had dynamic information about luminal flow that is not obvious from these still images.
The thickness of the tissue being imaged had a significant impact on the overall FI. For example, the thick wall of the stomach attenuated much more light than Simultaneous Luminal/Vascular Imaging the thinner wall of the duodenum or jejunum (see Figure 2A ). Quantitative comparison of MB and chlorella at different sites along the GI tract confirmed that chlorella provided 1.5-to 3-fold higher signal intensity than MB ( Figure 2B ). More significant was the sensitivity of this technology to leakage either in the wall of the bowel or at the site of an anastomosis (see Figure 2A ). In this case, chlorella provided approximately two fold higher sensitivity than MB (see Figure 2B ). Of note, neither fluorophore nor the NIR fluorescent light itself changed the look or color of the surgical field; the fluorophores were both used as dilute solutions, and NIR fluorescent light is invisible to the human eye.
Assessment of the Anastomotic Site
In 16 jejunojejunostomy models, different bites of Lembert sutures were used to alter the diameter of the anastomosis ( Figure 3A ). As seen both qualitatively (see Figure 3A ) and quantitatively ( Figure 3B ), the FI of the anastomotic site was inversely correlated with the thickness of the wall. In the example shown in Figure 3A , the thickness of J-J#1 was 2.5 mm, which corresponded to a CBR of 4.6, whereas the thickness of J-J#2 was 6.0 mm and showed a CBR of only 0.84. Because of the strong effect of tissue thickness on FI, it was not possible to develop a quantitative fluorescence metric that permitted accurate assessment of the lumen diameter of the anastomosis.
Simultaneous Assessment of Lumen Integrity and Vascular Perfusion Using Dual-Channel NIR Fluorescence Imaging
Vascular perfusion could be independently assessed by intravenous injection of 10 mL of 80 mM ICG after infusion of 100 mL of 40 mM chlorella dissolved in formulation into the small intestine to assess luminal integrity ( Figure 4A ). Importantly, ICG injection could be repeated as many times as needed provided that an < 15 minute period between doses of ICG was employed to minimize dose stacking. In both ischemia and anastomosis models, the lumen and vessels of the GI tract could be assessed simultaneously and in real time (see Figure 4A ). Quantitative assessment of ICG vascular perfusion over time revealed statistically significant differences in FI of the normal bowel wall, the infarcted bowel wall, and the anastomotic site ( Figure 4B ). The predictive capability of quantitative ICG perfusion measurements will be reported elsewhere. 16 
Discussion
Postoperative anastomotic leaks remain a major cause of morbidity and mortality following GI surgery. 17 The risk of this complication would likely be minimized if reparable problems could be identified intraoperatively. Unfortunately, clinical judgment alone has been shown to have low sensitivity and specificity for predicting anastomotic leakage. 18 As reviewed above, many types of real-time techniques are available for assessing anastomotic sites, but the use of NIR fluorescence imaging has not Simultaneous Luminal/Vascular Imaging yet been reported. Although we studied only gastrojejunostomy and jejunojejunostomy models, our approach will likely be useful for other GI anastomoses, such as during esophagectomy. It is widely recognized that esophageal anastomoses are subject to high rates of leakage (4.4-10.9%) and subsequently high rates of mortality (12-50%). 17, 19, 20 Invisible NIR fluorescent light offers several advantages over visible light for surgical imaging, including high sensitivity and specificity and low tissue autofluorescence. 11, 21 Importantly, several NIR fluorescence imaging systems, both investigational and FDA approved, are now available for clinical use. 11 The FLARE system, for example, has already been translated to the clinic for investigational use in breast cancer sentinel lymph node mapping 13 and perforator artery mapping 22 ; additionally, prototype versions of the minimally invasive FLARE (m-FLARE) for laparoscopy have also recently been described. 23 The only impediment to widespread clinical use of this technology is the availability of suitable contrast agents. We focused our study on chlorella and MB, two 700 nm fluorescent agents that are either already clinically available or pose low potential risk. Chlorella is a chlorophyllcontaining, over-the-counter, general nutritional supplement of green algae sold in the United States and worldwide. Because intact green algae are poorly fluorescent, chlorella powder must be dissolved in DMSO and then diluted in water containing the pharmaceutical solubilizer Cremophor EL. Both DMSO and Cremophor EL are widely used in pharmaceutical formulations 24, 25 and have been used for oral delivery 26 at extremely high concentrations (eg, 1 to 6 g 26 as opposed to the 1 g used in our study). Although chlorella in this formulation caused high FI both in vivo and in vitro, it must be stressed that this particular formulation of chlorella is not FDA approved for human use. An immediate alternative to chlorella is MB, which is already used for assessing GI patency. However, when employed as a NIR fluorophore, it generates lower FI than chlorella and needs to be appropriately diluted so that quenching (see Figure 1C ) does not occur.
Using chlorella or MB, we demonstrated that luminal patency and leakage could be identified in real time with high sensitivity. However, thick tissue effectively attenuates NIR fluorescent light, making quantitation of luminal diameter very difficult. Simple reflectance-based NIR fluorescent techniques are most effective in scattering tissues less than approximately 5 mm in thickness or depth (see, for example, Figure 3B ). At the very least, the ability to dynamically image luminal flow and to see into the lumen noninvasively should provide qualitative information that is not presently available. Also, the relative CBR difference between lumen and anastomosis permits an estimate of anastomotic thickness (see Figure 3B) .
A complete assessment of the bowel after an anastomosis includes measurement of tissue perfusion in addition to luminal integrity. Using the dual-channel NIR capabilities of FLARE, we demonstrated that the 800 nm NIR fluorophore ICG permits repetitive assessment of blood flow to the bowel, although it should be remembered that ICG is cleared by the liver and begins appearing in small bowel within < 15 minutes after intravenous injection, with peak excretion at 30 to 90 minutes. 26 Using ICG angiography, there appears to be a quantitative difference between blood flow to the anastomotic site, the nearby normal bowel, and between the anastomotic site and the ligated site (see Figure 4B ). Although blood perfusion will often change during surgery, the ability to quantify perfusion may prove useful. Indeed, a recently completed study by our laboratory suggests that such quantitative differences in ICG perfusion can predict bowel survival. 16 Moreover, a large clinical study by Kudszus and colleagues suggests that evaluation of tissue perfusion using ICG can halve the rate of postoperative complications from all anastomoses and reduce the rate of leakage from hand-sewn anastomoses by 84%. 28 Thus, the dual-channel NIR fluorescence imaging technology we describe in this study has the potential to permit surgical correction intraoperatively.
